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INTRODUCTION

The research objective of this project, led by Principal Investigator Dr. Satilmis Budak, at
Alabama A&M University (AAMU), a leading HBCU, was to use nano-engineering and
nanofabrication to develop nanostructured thermoelectric (TE) materials for application in high-
efficiency thermoelectric power generators and solid-state micro cooling devices. This report is
the Final Report for the Project and also summarizes the research activities accomplished during
the short period following our third interim report. A variety of multi-nano-layered superlattice
thin films, based on Bi,Te3/Sb,Te;, Si0,/Si0,+CoSb, Si0,/SiOr+Au, ZnsSbs/CeFes5CoxSbia,
Si0,/S10,+Ge, Si0,/Si0,+Cu, AgBiTe, AgSbTe, Si/Si+Sb, Si/Si+Ge, ZnsSbs, and ZrNiSn, were
grown using ultra-high vacuum-based deposition methods. Figure 1 illustrates a typical
multilayer thin-film system. These thin films were further modified by MeV Si-ion beam
bombardment to produce nanodots and nanoclusters for achieving high thermoelectric figure of
merit (ZT). To the best of our knowledge, our research team is the only group using high-energy
ion-beam technology to enhance the thermoelectric figure-of-merit. The complexity of
fabrication of these thin-film systems is significant and is thoroughly discussed in the numerous
papers and poster presentations our team has produced and given. The MeV Si-ion beam
bombardment requires specialized equipment that AAMU has on campus and significant
operator experience. The principal anticipated outcome of our research was to significantly
increase the ZT value by increasing both the Seebeck coefficient and electrical conductivity
while decreasing thermal conductivity. By doing so, it is expected that nano-power
thermoelectric generators for heat harvesting and thermoelectric coolers for achieving cryogenic
temperatures can be realized. AAMU asserts that the Project was successful in achieving the
Project objectives and, as reported in the literature, our team arguably holds the world record for
room-temperature ZT with a value of almost five (5). Additional research should be supported to
bring the technology that AAMU has developed from TRL 3 to TRL 4-5. During the conduct
of this Project, a total of 12 peer-reviewed papers and 3 peer-reviewed conference proceedings
were published, 14 non-peer reviewed conference proceeding and poster presentations were
given, 15 presentation were presented, and 28 undergraduate students and 4 graduate students

were involved earning 10 B.S. Degrees and 2 M.S. Degrees.



Figure 1: Cross-section of geometry used for typical multilayer thin-film system showing
combination of single layers and multilayers.

During the first reporting period, beginning February 01 and ending July 31, 2012, several
measurement systems were ordered. An Agilent cross-plane electrical conductivity measurement
system was ordered and received at the laboratory during this initial period. The MMR
Technology Seebeck and Van der Pauw - Hall Effect measurement system and the Filmetrics
UV-Region high sensitivity thin-film thickness measurement system were received during the
reporting period beginning August 1, 2012 and ending July 31, 2013. All three instruments were
installed and made operational, and have been great assets in this research effort. In 2013, the PI
and Co-PIs submitted an instrumentation grant proposal to the NSF-MRI program to purchase a
high-sensitivity thermal-conductivity measurement system. The grant was awarded and the
ULVAC-Laser PIT Diffusivity system was ordered ($189,300) and the equipment was received
by the Department of Electrical Engineering and Computer Science. The PI and Co-PlIs were
trained on how to use the Laser PIT system. This system complements our 3™ Harmonic system

and has further enhanced the investigative capability of the subject research Project.

RESEARCH ACTIVITIES (August 1, 2014 — January, 31, 2015)

During the final period of this Project, the following activities occurred.

J Two Electrical Engineering Senior Design students worked on the Project;



J Two Master’s Degree students in the Materiel Engineering M.S. Program of the
Department of Electrical Engineering and Computer Science continued their research
(Jorden Cole, Branden Allen);

. One undergraduate student from the Department of Electrical Engineering worked
on the Project under the support of the NSF-EPSCOR program during August 15, 2014-
April 30 2015;

. Four undergraduate students from the Department of Electrical Engineering
worked on the Project under the support of DOE-NNSA program during August 15,
2014-April 30 2015; and

o Dr. Claudiu Muntele helped on the high-energy ion bombardment and RBS

measurements of the fabricated multi and single-layered thin film systems.

The last period of the Project was very productive with the publication of five papers and three

presentations which their citations follow.

Published Journal Articles:
. S. Budak, S. Guner, C. Muntele, D. Ila, “Thermoelectric Generators form AgBiTe
and AgSbTe Thin films Modified by High Energy Beam”, Journal of Electronic
Materials (DOI 10.1007/s11664-014-3581-8, online published: 08 January 2015).
° S. Budak, E. Gulduren, B. Allen, J. Cole, J. Lassiter, T. Colon, C. Muntele, M. A.
Alim, S. Bhattacharjee, R. B. Johnson, “Thermoelectric Generators from SiO,/SiO,+Ge
Nanolayers Modified by MeV Si lons”, Solid-State Electronics 103 (2015) 131-139.
) S. Budak, M. A. Alim, S. Bhattacharjee, C. Muntele, “Effects of MeV Si lons and
Thermal Annealing on Thermoelectric and Optical Properties of Si0,/Si0,+Ge Multi-
Nanolayer Thin Films”, 23rd Conference on Application of Accelerators in Research and
Industry CAARI 2014, Grand Hyatt Hotel Riverwalk in San Antonio, Texas, USA on
May 25-30, 2014 (Physics Procedia in Press 2015).
° S. Budak, S.Guner, C. I. Muntele, D. Ila , “Thermoelectric Properties of ZnsSbs
and ZrNiSn Thin Films Affected by MeV Si ion-beam”, 23rd Conference on Application
of Accelerators in Research and Industry CAARI 2014, Grand Hyatt Hotel Riverwalk in
San Antonio, Texas, USA on May 25-30, 2014 (Physics Procedia in Press 2015).
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° S. Budak, M. Baker, J. Lassiter, C. Smith, C. Muntele, R. B. Johnson,
“Thermoelectric and Optical Properties of SiO,/SiO,+Cu Nanolayered Thin Films
Affected by Thermal Annealing”, Journal of Electronic Materials, doi: 10.1007/s11664-
014-3386-9 (2014-The Minerals, Metals & Materials Society).

2014 Presentations:
° A. Tramble, C. Casselbery, “Fabrication and Characterization of Thermoelectric
Devices From Different Multilayer Thin Films”, STEM Day-2015, Alabama A&M
University, Welness Center, April 10, 2015.
. C. Bircfield, A. Tramble, C. Casselbery, C. Payton, J. Cole, S. Budak, “Effects of
MeV Si ions and Thermal Annealing on Thermoelectric and Optical Properties of
Multilayer Thin Films”, Tuskegee University Science and Technology Open House,
Renaissance Montgomery Hotel & Spa at the Convention Center, Montgomery, AL,
USA, January 30-31, 2015.
. Satilmis Budak, “Design of Nano-Structures for Energy Efficient Devices”,
NanoBio Summit 2014, The University of Alabama, October 23-24, 2014 (invited talk).

Specific Activities:

Prepared thermoelectric devices were bombarded with 5 MeV Si ions at the different fluences
(doses) to form quantum dots (nano dots) in the multilayers to improve the efficiency of the
thermoelectric devices. The Seebeck coefficients of the prepared devices for the different
multilayer thin film systems were measured. Figure 2 shows the Seebeck coefficient of the thin

films at the different fluences under the different temperatures.



Figure 2. Seebeck Coefficients of Multilayered Thin Films

After obtaining the Seebeck measurements, the students performed van der Pauw four-probe

resistivity, Hall Effect, density, mobility measurements as shown in Figures 4—-6 below:

Figure 3. Van der Pauw resistivity measurements of multilayered thin films.



The resistivity measurement in Figure 3 provides the reciprocal of the electrical conductivity
needed for efficiency measurement. They also recorded other data from van der Pauw including

density, mobility and Hall coefficient. Figures 4 through 6 show these results.

Figure 4. Van der Pauw density measurement of multilayered thin films.

Figure 5. Van der Pauw Hall coefficient measurement of multilayered thin films.



Figure 6. Van der Pauw mobility measurements of multilayered thin films.

Students measured the thickness of the 22 different multilayer coated devices. These cut wafers
were in the chamber with our device. Our devices were masked for the deposition and these
measured samples were not. The samples were completely covered in our multilayer and were

used for thickness measurement of the multilayer. The samples measured as follows:

A)521.9nm | E)520.9 nm | [)521.7 nm | M)521.4nm | Q)521.2nm | U)521.2nm
B)521.4nm | F) 522nm 15213 nm | N)521.8nm | R)521.4 nm | V)521nm
0)521.6nm | G)521.2nm | K)521 nm | 0)521.7nm | S)521.8nm

D)521.2nm | H)521.5nm | L)521.5 nm | P)520.7nm | T)521.1 nm

The average thickness computed to be 521.3864 nm with a standard deviation of 0.344059041
nm. After thickness measurements were completed, images of the devices were taken by the
students using our Scanning Electron Microscope (SEM) and Energy-dispersive X-ray
Spectroscopy (EDS). Figure 7 shows the surface of our device using the SEM and demonstrates
the desired smooth surface. Figures 8 and 9 show results obtained from the EDS while Figures

10 and 11 show a presentation and students and faculty at work in the laboratory.



Figure 7. Picture from SEM

Figure 8. Picture from EDS



Figure 9. Picture of separated elements from EDS (elemental mapping of used materials at the

surface of the fabricated devices).

Figure 10. A. Tramble, C. Casselbery, “Fabrication and Characterization of
Thermoelectric Devices From Different Multilayer Thin Films”, STEM Day-2015,
Alabama A&M University, Welness Center, April 10, 2015.



Figure 11. Students were working in Clean Room.

SUMMARY

This three-year Project gave us extensive experience and the achievement of remarkable results
not addressed in the literature before our publications. Currently, we have attained the ZT
figure-of-merit of 4.0 and 4.9 from the 100 multilayers of Si0,/Si0,+Ge thin films reported in
our previous interim reports. These values are the highest values for the multi-nanolayered thin-
film systems and the highest reported room-temperature ZT in the literature. A number of
students gained very valuable laboratory and research experience that will help them in their
career. They also gained a practical understanding of practicing the scientific method. AAMU
would like to continue, given future research funding, with our new design for the thermoelectric
and photovoltaic systems and hybrid thermoelectric-PV systems which could work at
significantly high temperatures. We are confident that our team can work on the different
multilayered thin film systems combined together and utilizing additional thermos-tunneling

methods to realize even the higher efficiencies (ZT).
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